SPD-1 Is Required for the Formation of the Spindle Midzone but Is Not Essential for the Completion of Cytokinesis in C. elegans Embryos  by Verbrugghe, Koen J.C. & White, John G.
Current Biology, Vol. 14, 1755–1760, October 5, 2004, 2004 Elsevier Ltd. All rights reserved. DOI 10.1016/j .cub.2004.09.055
SPD-1 Is Required for the Formation of the
Spindle Midzone but Is Not Essential for the
Completion of Cytokinesis in C. elegans Embryos
the MKLP1/CHO1-type kinesin, is one of the previously
identified C. elegans spindle midzone components that
is absolutely required for cytokinesis [2, 3]. In contrast,
spd-1(oj5) embryos were able to divide properly and
gave rise to a 2 cell embryo (Figure 1L) and, subse-
Koen J.C. Verbrugghe1,2 and John G. White2,3,*
1Laboratory of Genetics
2 Laboratory of Molecular Biology and
3 Department of Anatomy
University of Wisconsin-Madison
Madison, Wisconsin 53706 quently, a 4 cell embryo (Figure 1M; 28/28 embryos).
EMS, one of the cells at the 4 cell stage, failed to divide
in 75% of spd-1(oj5) embryos (21/28; Figures 1N–P). In
these cells, the cleavage furrow appeared to ingressSummary
completely (Figure 1O). However, the furrow eventually
regressed and gave rise to a multinucleated cell (FigureThe process of cytokinesis can be divided into two
1P), which continued to the next cell cycle and set upstages: the assembly and constriction of an actomyo-
a tetrapolar spindle. An additional 7% of embryos (2/28)sin ring giving rise to a narrow intracellular canal and
had late-cytokinesis defects in one of the other cells inthe final breaking and resealing of this canal [1]. Muta-
the 4 cell embryo.tions in several genes of Caenorhabiditis elegans dis-
We cloned spd-1 and found that it is a member of arupt the spindle midzone (anti-parallel microtubules
family of spindle midzone-specific microtubule-bundlingand associated proteins that form between the spindle
proteins [12] that include PRC1, Ase1p, and MAP65 [13–poles) and give rise to failures in the completion of
15] (Figure S1 in the Supplemental Data available withcytokinesis [2–9]. We show that loss of function of
this article online). These proteins share sequence simi-spd-1 causes midzone disruptions, although cytokine-
larity, size, coiled-coil predictions, and a conserved do-sis generally completes. SPD-1 is a conserved micro-
main [12], and all localize to the spindle midzone (or itstubule-bundling protein that localizes to the midzone
equivalent) and other regions of overlapping microtu-and also to microtubule bundles in the cytoplasm. The
bules. PRC1 is required for spindle midzone formationmidzone localization of SPD-1 is perturbed in embryos
and the completion of cytokinesis [15, 16], Arabidopsisdepleted of other midzone components, yet the cyto-
MAP65-3/PLE is required for phragmoplast organizationplasmic bundles are not affected. We found that two
and cytokinesis [17], and Ase1p is involved in spindleother midzone components also localize to the in-
elongation [14]. RNAi of spd-1 gives a phenotype identi-gressing furrow in wild-type embryos; when SPD-1 is
cal to that of the mutant (Figures 1Q–1X), suggesting thatdepleted, there is no visible midzone, and only this
the missense allele oj5 is a loss-of-function mutation. Infurrow localization remains. SPD-1 differs from other
addition, RNAi of spd-1 in spd-1(oj5) mutants at themidzone components in that it is essential for the in-
nonpermissive temperature did not alter the phenotypetegrity of the midzone, yet not for cytokinesis. Also,
of the embryos, suggesting that this phenotype repre-it can localize to the midzone when other midzone
sents a strong or complete loss of function (data notcomponents are depleted, suggesting that SPD-1 may
shown).play an early role in the pathway of midzone assembly.
Results and Discussion Subcellular Localization of SPD-1
To determine the localization of SPD-1 throughout the
spd-1 Mutant Phenotype and Cloning cell cycle, we constructed a strain expressing SPD-
spd-1(oj5) is a temperature-sensitive maternal-effect 1::GFP in the early embryo [18, 19]. SPD-1::GFP initially
embryonic-lethal mutation isolated in a screen for cell localized to pro-nuclei as they migrated and met in the
division mutants [10]. When spd-1(oj5) homozygote her- one cell embryo (Movie 3). Prior to visible nuclear break-
maphrodites were shifted to the restrictive temperature down, the signal in the nucleus began to diminish, and
(25C) at the L4 stage, they produced 100% dead em- there was a slight increase in cytoplasmic signal and a
bryos [hereafter referred to as spd-1(oj5) embryos]. Us- faint accumulation of signal around the centrosomes.
ing 4D (four-dimensional) Nomarski microscopy [11], we As the spindle assembled, there was a diffuse staining
observed that the spindle in these embryos appeared on the spindle with a marked absence on chromosomes
to bend or break during normal oscillations at anaphase at the metaphase plate. SPD-1 underwent a rapid mobili-
in all divisions (Figures 1I–1K compared to 1A–1C; also zation after the metaphase-anaphase transition (Movie
see Movies 1 and 2). During anaphase, the spindle devi- 3). A bright signal appeared at the spindle midzone in
ated an average 2.5  1.74 (mean  standard devia- a restricted region (Figures 2A and 2B), similar to the
tion) from linear (four embryos), whereas the spindle of region where other midzone components have been
spd-1(oj5) embryos deviated an average 11.8  11.05 seen to localize [2–5, 7, 8]. We measured the length of
(three embryos). This is reminiscent of the phenotype these structures and found that the SPD-1::GFP struc-
that resulted when we depleted embryos of ZEN-4 with tures (1.94  0.78 m, n  16, Figure S3A) were slightly,
RNAi (6.4  4.94, four embryos). ZEN-4, an ortholog of but significantly (p  0.01), shorter than the extent of
ZEN-4::GFP [8] (2.60  0.35 m, n  16). The signal
around the centrosomes increased, and linear struc-*Correspondence: jwhite1@facstaff.wisc.edu
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Figure 1. spd-1(oj5) and spd-1(RNAi) Em-
bryos Exhibit Spindle-Breaking Phenotype at
the 1 Cell Stage but Only Fail to Divide in EMS
Stills from a 4D Nomarski movie of a wild-
type (A–H), spd-1(oj5) (I–P), and spd-1(RNAi)
(Q–X) embryo. Posterior is to the right, and
ventral is down in this and all other figures.
The spindle (viewed as absence of granules
in the 1 cell embryos; black line from centro-
some to middle of spindle) bends or breaks at
anaphase in spd-1(oj5) (I–K) and spd-1(RNAi)
(Q–S) but not in wild-type (A–C) 1 cell embryos.
All these embryos divide to form 2 cell (D, L,
and T) and 4 cell (E, M, and U) embryos. EMS
(arrowhead in [E], [M], and [U]) begins to di-
vide ([F, N, and V] arrowheads point to spindle
poles) and appears to complete division ([G,
O, and W] arrowheads point to daughter nu-
clei, arrows point to furrow). Sometimes ma-
terial from a neighboring cell pushes the two
daughters apart (as in [O]). In spd-1(oj5) and
spd-1(RNAi) embryos, the EMS furrow often
regresses and gives rise to a binucleated cell
([P, and X] arrowheads point to daughter nu-
clei). The scale bar represents 10 m.
tures (3.18 1.38m, n 16) appeared in the cytoplasm shown). During anaphase, the bright accumulation of
SPD-1 seen in the wild-type midzone was not detected;(Figures 2A–2C, Figure S3A). These structures were not
as bright as the structures associated with the midzone however, we did observe linear structures of SPD-1 in
the cytoplasm and between spindle poles (Figures 2E–microtubules (Figures 2A and 2B; Figure S3B). To deter-
mine whether these structures corresponded to micro- 2G). These structures were longer and less intense than
the spindle midzone accumulation in the wild-type andtubules, we fixed and stained embryos with GFP and
tubulin antibodies and found that SPD-1::GFP colocal- were similar to the signal we observed associated with
bundles of microtubules in the cytoplasm (Figure S3).ized to microtubules along a part of their length (Figures
2M–2O and insets 2M–2O). We speculate that these are The phenotype obtained with the reduction of the chro-
mosomal passengers was also similar (Figures 2I–2L).probably bundles of anti-parallel microtubules because
parallel microtubules would probably be zippered along These embryos were somewhat more difficult to inter-
pret because of the failure of DNA segregation thatthe whole length of the asters, whereas we only ob-
served shorter stretches of signal. SPD-1::GFP began occurs when expression of these genes is suppressed
[5, 7, 8]. A mass of SPD-1::GFP accumulated in theto accumulate in the nuclei as soon as these structures
visibly reformed (Figure 2B). As the furrow ingressed, the center of these embryos as a single large nucleus re-
formed around the DNA (Figure 2J). However, we couldspindle midzone signal was compacted from individual
bundles into one larger structure (Figure 2C). This same still detect linear accumulations in the cytoplasm as well
as between the spindle poles before the nuclear signalpattern was observed in subsequent divisions, including
EMS divisions (data not shown). Rabbit polyclonal anti- accumulated (Figures 2I–2K). Again, the linear accumu-
lations resembled those seen in the cytoplasm and notbodies raised and purified against SPD-1 also localized
to nuclei and the spindle midzone (Figures 2P–2R; Fig- those seen in the spindle midzone in wild-type embryos
(Figure S3). These data show that SPD-1 can bundleure S2).
To determine the function of SPD-1 in relation to microtubules independently of ZEN-4, CYK-4, and the
chromosomal passengers and suggest that the otherknown spindle midzone components, we reduced the
expression of the kinesin zen-4 [2, 3], RhoGAP cyk-4 midzone proteins are required to further organize the
microtubule bundles into a higher-order structure that(MgcRacGAP ortholog) [4], and the chromosomal pas-
sengers air-2 (Aurora B ortholog) [5], bir-1 (Survivin or- becomes the spindle midzone.
tholog) [7], and icp-1 (INCENP ortholog) [8] by RNAi in
the SPD-1::GFP background. RNAi of zen-4 and cyk-4 Microtubule Organization in spd-1
To examine the spindle defect in spd-1(oj5) mutants,gave identical phenotypes (Figures 2E–2H). In both
cases, there was no effect on SPD-1 localization to and we constructed a strain containing spd-1(oj5) and ex-
pressing -tubulin::GFP (Green Fluorescent Protein) inrelease from the nucleus or on localization to the spindle
prior to the metaphase-to-anaphase transition (data not early embryos [19]. In wild-type embryos, we observed
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Figure 2. SPD-1::GFP Localizes to the Spindle Midzone and Nuclei as Well as along Short Stretches of Astral Microtubules
Stills from a movie of wild-type (A–D), zen-4(RNAi) (E–H), and icp-1(RNAi) (I–L) embryos expressing SPD-1::GFP. In the wild-type, SPD-1::GFP
localizes brightly to the spindle midzone and less brightly around the centrosomes and in elongated structures in the cytoplasm through
anaphase (A) and telophase (B). SPD-1::GFP accumulates in reforming nuclei in telophase (B). The ingressing furrow gathers the bright midzone
bundles into one compact structure (C). SPD-1::GFP localizes only to nuclei in interphase cells (D). SPD-1::GFP still localizes around centrosomes
and in cytoplasmic structures and does so to a similar level in the midzone of zen-4(RNAi) (E and F) and icp-1(RNAi) (I and J) embryos. SPD-
1::GFP also localizes to an extra pronucleus, which is due to a failure of a meiotic division ([E–H] anterior of the spindle pole) in zen-4(RNAi)
embryos. SPD-1::GFP accumulates in the large mass of DNA that appears in the middle of icp-1(RNAi) embryos as a result of severe defects
in chromosome segregation (J–L). Cytoplasmic structures of SPD-1::GFP colocalize with part, but not all, of some astral microtubules (M–O).
Fixed SPD-1::GFP embryos labeled with antibodies to tubulin (M and M) and GFP (N and N) and merged images (O and O; tubulin is red,
and GFP is green). Antibodies specific to SPD-1 also localize to the spindle midzone and nuclei (P–R). Fixed wild-type embryos labeled with
antibodies to tubulin (P) and SPD-1(Q) and merged images ([R] tubulin is red, and SPD-1 is green). The scale bar represents 10 m. Insets
(M–O) are magnified six times.
a large number of microtubule bundles that compacted ability of spd-1(oj5) mutant embryos to divide is simply
due to the presence of microtubules we cannot detect,in the spindle midzone (Figure 3A and Movie 4) as the
furrow ingressed to form a structure called the midbody we looked at embryos with a weaker zen-4(RNAi) pheno-
type (Figures 3P–3R). In these embryos, some microtu-(Figure 3B). In spd-1(oj5) mutant embryos, these micro-
tubule bundles were not observed at any time (Figures bules remained at anaphase (Figure 3P). These embryos
still failed to divide (Figure 3R), indicating that the pres-3D and 3E; Movie 5). This was true for all early embryonic
divisions, including EMS divisions (data not shown). We ence of midzone microtubules was not sufficient to allow
the completion of cytokinesis.systematically scanned the focus in these embryos in
order to verify that the midzone was not detectable. We In C. elegans embryos, spindle elongation during ana-
phase is the result of forces pulling the two poles apartconfirmed this lack of visible microtubules with indirect
immunofluorescence by using tubulin antibodies in fixed [20]. When the spindle midzone is removed by laser
ablation or by zen-4 RNAi, the spindle elongates moreembryos (Figures 3S and 3T). RNAi of spd-1 in the spd-
1(oj5) mutant embryos (Figures 3J–3L) did not alter this quickly and to a greater extent than in the wild-type
[20] [Figure 3U, n  4 embryos for wild-type and zen-phenotype, suggesting that the mutant has a severe or
complete loss of function. Similar results were seen in 4(RNAi)]. In spd-1(oj5) embryos (n  3), the spindle
lengthened more rapidly than in either wild-type or zen-zen-4(RNAi) embryos ([2, 3]; Figures 3M and 3N), but
these embryos always failed to divide in the first mitotic 4(RNAi) embryos (Figure 3U).
These observations show that the spindle midzonecell cycle [2, 3] (Figure 3O). To address whether the
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Figure 3. Spindle Midzone Microtubule Bundles Fail to Form in spd-1(oj5) and spd-1(RNAi-f) Embryos
Stills from a movie of wild-type (A–C), spd-1(oj5) (D–F), spd-1(RNAi-f) (G–I), spd-1(oj5) plus spd-1(RNAi) (J–L), zen-4(RNAi) (M–O), and a weak
zen-4(RNAi) (P–R) embryo expressing -tubulin GFP. In the wild-type, microtubules form bundles in the spindle midzone (A) as the furrow
ingresses (B). These bundles are not present in spd-1(oj5) embryos (D and E), but they can still divide (F). spd-1(RNAi-f) embryos (G and H),
which never fail to divide, and spd-1(oj5) embryos treated with spd-1 RNAi by feeding (J and K) have a similar absence of microtubule bundles
in the spindle midzone. This is also similar to a strong zen-4(RNAi) phenotype (M and N) in which cells always fail to divide (O). Also shown
are weak zen-4(RNAi) embryos that bundle some microtubules (P) still fail to divide (R). Indirect immunofluorescence with anti tubulin antibodies
shows the same phenotype as our live imaging in wild-type (S) and spd-1(oj5) (T) embryos. Arrows point to the spindle midzone or midbody
in each embryo. The scale bar represents 10 m. (H) Graph showing the change in spindle length over time starting from the metaphase to
anaphase transition. For each point, the mean  the standard error is shown. n  3 embryos for spd-1(oj5) and 4 for all others.
is mechanically disrupted in spd-1(oj5) embryos and from RNAi by injection] exhibited the same broken-spin-
indicate that SPD-1 appears to be required to bundle dle phenotype and lack of midzone microtubule defects
microtubules in vivo. They also suggest that cytokinesis as spd-1(oj5) embryos (Figures 3G–3I). Similar to those
can complete in most cells even when the spindle mid- in spd-1(oj5) embryos, the spindles in these embryos
zone is highly disrupted. also showed exaggerated elongation (Figure 3U), indi-
cating that the midzone was mechanically disrupted in
these embryos as well. However, we rarely observedZEN-4/CYK-4 Localization in spd-1
cytokinesis defects in EMS or any other cell in theseIn order to investigate how embryos with reduced spd-1
embryos, which were able to hatch and develop to adultswere able to divide, even though they had severe spindle
(data not shown). These observations suggest that themidzone defects, we looked at the localization of ZEN-4,
spindle midzone may not be required for viability ina kinesin that localizes to the spindle midzone [2, 3]. We
C. elegans.first created a strain containing spd-1(oj5) and express-
We found that a fraction of the spd-1(RNAi-f) ZEN-4::ing a ZEN-4::GFP construct [8] . Unexpectedly, possibly
GFP embryos were able to divide and hatch. In thesebecause of overexpression, we found that embryos from
embryos, ZEN-4::GFP was more conspicuously presentthis strain lacked any detectable ZEN-4::GFP signal and
at the chromosomes (Figure 4I compared to 4A), local-always failed to divide at the first cell cycle (data not
ized to microtubules that briefly remained in the spindleshown). Conversely, we found that the zen-4 mutant
midzone early in anaphase (Figure 4J), but quickly disap-heterozygote (but not homozygote) could rescue the
peared from the midzone region during furrow in-spd-1(oj5) lethality and cytokinesis defect, indicating a
gression (Figure 4K). This observation is consistent withpossible genetic interaction between zen-4 and spd-1.
our observation that microtubules were diminished inIn order to obtain successful first divisions in the
the midzone at anaphase in cells with reduced spd-1ZEN-4::GFP strain, we used RNAi by feeding [21] in order
expression. However, we detected ZEN-4 at the cleav-to deplete SPD-1, which gave a weaker phenotype. Em-
age furrow in cells with reduced spd-1 expression (Fig-bryos expressing tubulin GFP from hermaphrodites fed
ure 4K and inset). When we reexamined wild-type em-bacteria expressing spd-1 dsRNA [referred to as spd-
1(RNAi-f) to distinguish them from embryos obtained bryos expressing ZEN-4::GFP, we found that ZEN-4 was
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Figure 4. ZEN-4 Localizes to the Cleavage Furrow in Wild-Type and spd-1(RNAi-f) Embryos but Not in air-2(RNAi) Embryos
Stills from a movie of wild-type (A–H), spd-1(RNAi-f) (I–P), and air-2(RNAi) (Q–X) embryos expressing ZEN-4::GFP. Bright-field stills (E–H, M–P,
and U–X) are below the corresponding still from the fluorescence channel (A–D, I–L, and Q–T). At metaphase (A, E, I, M, Q, and U), ZEN-4
appears on the metaphase plate in all backgrounds. At anaphase (B, F, J, N, R, and V), ZEN-4 localizes to stripes, which correspond to
bundles of microtubules in the spindle midzone, in wild-type embryos (B). Early in anaphase in spd-1(RNAi-f) embryos, there are a few bundles
of microtubules that contain ZEN-4 (J), but these disappear as the furrow ingresses, as does ZEN-4 signal in the center of the cell (K). It is
unclear to what structure ZEN-4 binds in air-2(RNAi) embryos (R) at this stage because the chromosomes never segregate from the center
of the cell [5]. As the furrow ingresses (C, G, K, O, S, and W), ZEN-4 localizes to the bundles of microtubules in the spindle midzone but also
at the tip and along the length of the furrow in wild-type embryos ([C] and inset in [C]. Arrows in the inset point to ZEN-4::GFP signal at the
tip of the furrow and along the furrow). In spd-1(RNAi-f), there is no ZEN-4 in the center of the cell, but it is still present on the furrow ([K]
and inset in [K]). There is no ZEN-4 at the furrow in air-2(RNAi) embryos ([S] and inset in [S]). The large mass of ZEN-4 in the center of the
cell most likely represents ZEN-4 localization to chromosomes. The constriction of the midzone by the cleavage furrow leads to 2 cell embryos
in which ZEN-4 localizes to a bright, compact spot at the cytokinesis remnant site in wild-type (D) and to a more diffuse spot in spd-1(RNAi-f)
(L) embryos. Indirect immunofluorescence to the endogenous protein with anti ZEN-4 antibodies gives the same bright, compact spot in wild-
type (Y) and a more diffuse spot in spd-1(oj5) (Z) embryos at this stage. The scale bar represents 10 m. Insets are magnified four times.
also localized to the furrow (Figure 4C and inset; this some other pool, are sufficient to allow the completion
of cytokinesis in the absence of a robust midzone. Al-localization has not previously been reported). The fur-
row localization was distinct from the midzone, which though we do not know if they localize to the furrow,
we observed similar results by using RNAi knockdownsin C. elegans embryos is much narrower that the cell
diameter and appears before the furrow comes in close of the chromosomal passengers air-2, bir-1, and icp-1
(n  6).proximity to the midzone (Figure 3A). In contrast, we
found that using RNAi to suppress expression of air-2 In summary, we have found that SPD-1 bundles micro-
tubules during cell cleavage, even in the absence of[5] eliminated localization of ZEN-4::GFP to the midzone
(Figure 4R) as well as the furrow (Figure 4S and inset) ZEN-4, whereas the converse does not seem to be true
in vivo. Furthermore, in the absence of SPD-1 and henceand caused furrows to regress (Figure 4X; n 10). Simi-
lar results were obtained with icp-1(RNAi) (n  4; data a midzone, furrow localization of ZEN-4, and possibly
other midzone components, is generally sufficient fornot shown). CYK-4::GFP also localizes to the furrow
independently of SPD-1 but depends on ZEN-4 and ICP-1 successful cytokineses.
[spd-1(RNAi-f), n  3; zen-4(RNAi), n  7; icp-1(RNAi),
n  5; data not shown). In spd-1(oj5) embryos depleted
Supplemental Data
of ZEN-4 or CYK-4 by RNAi, the furrow regressed late Supplemental Data including Experimental Procedures, figures, and
in the first division (n 9; data not shown). This indicates movies are available online at http://www.current-biology.com/cgi/
content/full/14/19/1755/DC1/.that ZEN-4 and CYK-4 at the cleavage furrow, or in
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